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VWHHO ZHUH SXEOLVKHG > @ 7KH LQIOXHQFHV RI SRZHU VFDQQLQJ VSHHG KXWFKLQJ EXLOGLQJGLUHFWLRQ RQ WKH
PLFURVWUXFWXUHPHFKDQLFDOSURSHUWLHVRIIDEULFDWHG/VSHFLPHQVKDYHEHHQVWXGLHGPDQ\UHVHDUFKHUVUHSRUWRQ
WKHHIIHFWRI WKHPDWHULDOFKDUDFWHULVWLFVVXFKDVFKHPLFDOFRPSRVLWLRQSDUWLFOHVKDSHVL]HDQG LWVGLVWULEXWLRQRQ
ODVHUPHOWLQJRI/VWDLQOHVVVWHHOSRZGHU>@$WSUHVHQWWLPHLWLVHYLGHQWWKDW6/0LVDSDUDPHWHUVHQVLWLYH
SURFHVV DQG WKHUHIRUH IRU EHWWHU XQGHUVWDQGLQJ RI WKHVH WHFKQRORJ\ SRVVLELOLWLHV LW LV QHFHVVDU\ WR JHW PRUH
LQIRUPDWLRQDERXWPHFKDQLFDODQGVWUXFWXUDOSURSHUWLHVRIVWDQGDUGVSHFLPHQV7KHPLFURVWUXFWXUDODQGPHFKDQLFDO
SURSHUWLHV HYROXWLRQ RI / VWDLQOHVV VWHHO E\ YDU\LQJ RQO\ RQH SURFHVV SDUDPHWHU KDV QRW \HW EHHQ VWXGLHG LQ
VXIILFLHQWGHWDLOV6XFKGDWDLVHVVHQWLDOIRUHQVXULQJWKHTXDOLW\DQGUHOLDELOLW\RIWKHIXWXUH6/0/VWHHOSDUWV>@
6RWKHDLPRIWKHSUHVHQWZRUNLVWRLQYHVWLJDWHWKHDQLVRWURS\RIWKHVWUXFWXUDODQGPHFKDQLFDOSURSHUWLHVRI/
VWDLQOHVVVWHHOSRZGHUE\YDU\LQJRQO\ODVHUSRZHU
0DWHULDOVDQGH[SHULPHQWDOPHWKRGV
7KH 6/0 SURFHVV LQYHVWLJDWLRQ ZDV FDUULHG RXW RQ WKH / VWDLQOHVV VWHHO SRZGHU PDGH E\ +|JDQlV $%
FRPSDQ\ 3RZGHU SDUWLFOHV VL]HZDV HTXDO WR ±PFP*UDQXODU SRZGHU FRPSRVLWLRQZDV GHWHUPLQHG RQ WKH
G\QDPLFOLJKWVFDWWHULQJHTXLSPHQW±0DOYHUQ0DVWHUVL]HU
3RZGHUSDUWLFOHVZHUHPHOWHGE\WKHODVHUEHDPLQWKHQLWURJHQHQYLURQPHQWRQWKH(26LQW0HTXLSPHQW7KH
PDLQWHFKQRORJLFDOSDUDPHWHU±ODVHUHPLWWLQJSRZHUZDVYDU\LQJLQWKHUDQJHIURPWR:ZLWKWKHFRQVWDQW
VFDQQLQJVSHHGRIPPVHFDQGOD\HUWKLFNQHVVRIPFP6SHFLPHQVIRUPHFKDQLFDOWHVWLQJDFFRUGLQJ$670
(DQG LPSDFW VWUHQJWKDFFRUGLQJ$670'ZHUH VLPXOWDQHRXVO\EXLOWRQ WKH VDPHSODWIRUP WKUHH VDPSOHV
ZLWKGLIIHUHQWEXLOGLQJGLUHFWLRQIRUHDFKW\SHRIWHVWLQJ)LJ7KHZRUNLQJGLDPHWHURIWKHWHQVLOHWHVWVSHFLPHQV
ZDV±PP
0HFKDQLFDO SURSHUWLHV DQG LPSDFW VWUHQJWK ZHUH LQYHVWLJDWHG XQGHU URRP WHPSHUDWXUH RQ WKH XQLIRUP WHVWLQJ
PDFKLQH=ZLFN5RHOO=DQGRQWKHGURSKDPPHU0HWURFRP+DUGQHVVYDOXHVGHWHUPLQDWLRQZDVFDUULHGRXW
RQWKH=ZLFN5RHOO=+8WRS
3RZGHUVDQGVXUIDFHVWUXFWXUHPRUSKRORJ\DVZHOODV(%6'DQDO\VLVZDVFDUULHGRXWRQWKH9(*$7HVFDQDQG
4XDQWD')(*6(0HTXLSPHQWUHVSHFWLYHO\
 
)LJ$QLPDJHRIWKHSODWIRUPZLWKEXLOGHGVSHFLPHQV
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0LFURVHFWLRQVPDGHIURPWKHIURQWSDUWVRIWKHLPSDFWVWUHQJWKVSHFLPHQVZHUHH[SRVHGWRWKHHOHFWURFKHPLFDO
HWFKLQJXQGHUURRPWHPSHUDWXUHLQR[DOLFDFLGVROXWLRQLQZDWHUDQGDIWHUWKDWWKH\ZHUHLQYHVWLJDWHGZLWKWKH
RSWLFDOPLFURVFRS\/HLFD'0
([SHULPHQWDOUHVXOWVDQGGLVFXVVLRQ
3.1. Powder composition and structure 
)LJ UHSUHVHQWV WKH LPDJHV RI SRZGHU SDUWLFOHV WHVWLI\LQJ WKDW DORQJ ZLWK WKH VSKHULFDO SDUWLFOHV WKHUH LV D
VLJQLILFDQW DPRXQW RI WKRVH FRQVLVWLQJ RIPHOWHG SDUWLFOHV DJJORPHUDWHV ±PFP DQG ORQJLWXGLQDO SDUWLFOHV ,W
VKRXOGEHPHQWLRQHGWKDWWKHVXUIDFHRIVSKHULFDOSDUWLFOHVKDVDYHU\GHYHORSHGUHOLHIIRUPHGXQGHUPDQ\FROOLVLRQV
ZLWK RWKHU SDUWLFOHV 0RUHRYHU WKHUH DUH VDWHOOLWHV RI VPDOOHU SDUWLFOHV RQ WKH VXUIDFH RI WKH ELJJHU RQHV 6L]H
GLVWULEXWLRQ DQDO\VLV )LJ VKRZHG TXLWH XQLIRUP GLVWULEXWLRQ 7KHPDLQ IUDFWLRQ UDQJHV IURP ±PFP WKDW
VDWLVILHVWKHUHTXLUHPHQWVRIWKH6/0HTXLSPHQW(26LQW0


)LJ,PDJHVRISRZGHUSDUWLFOHVDQGWKHLUGLVWULEXWLRQE\VL]HV

7DEOH&KHPLFDOFRPSRVLWLRQRI/66DFFRUGLQJ$670$DQGWKHFRPSRVLWLRQDFKLHYHGGXULQJWKHDQDO\VLV
(OHPHQW $670$ $FKLHYHGGXULQJWKHDQDO\VLV
&  
6L  
0Q  
3  
6  
&U  
1L  
0R  

7KH;UD\IOXRUHVFHQFHDQDO\VLVVKRZHGWKHFRUUHVSRQGHQFHRI LQLWLDOSRZGHUPDWHULDOZLWK WKH$670$
7KHUHVXOWVDUHSUHVHQWHGLQWKH7DEOH,QJHQHUDOWKH/SRZGHUGRQRWGLIIHUPXFKIURPRWKHUVWDLQOHVVVWHHO
SRZGHUV OLNH 3+ *3 DQG 06 SURYLGHG E\ WKH (26 FRPSDQ\ DQG LW FDQ EH XVHG IRU EXLOGLQJ VWDQGDUG
VSHFLPHQVIRUVWUXFWXUHDQGPHFKDQLFDOSURSHUWLHVLQYHVWLJDWLRQ
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3.2. Mechanical properties and destruction characteristics. 
$QLPSDFWVWUHQJWK WHVWVZDVFDUULHGRXWRQ WKHVSHFLPHQVZLWKPHFKDQLFDOO\PDGH8QRWFKIRU WKHYHUWLFDOO\
VWDWHGDQGZLWKEXLOWGXULQJWKHPDLQSURFHVVIRUWKHKRUL]RQWDORQHVDVVHHQRQWKHILJ7KHQRWFKZDVSURGXFHG
SDUDOOHODQGSHUSHQGLFXODUWRWKHEXLOGLQJGLUHFWLRQ%'
7KHGHSHQGHQFLHVRILPSDFWVWUHQJWKYDOXHVIRUGLIIHUHQW8QRWFKEXLOGLQJGLUHFWLRQVDQGKDUGQHVVPHDVXUHGRQ
WKH YHUJHV RI WKH LPSDFW VWUHQJWK VSHFLPHQV IURP WKH ODVHU HPLVVLRQ SRZHU DUH SUHVHQWHG DW )LJ ,W VKRXOG EH
PHQWLRQHG WKDW IRU WKH KRUL]RQWDOO\ EXLOW VSHFLPHQV WKH LPSDFW VWUHQJWK SUDFWLFDOO\ GLG QRW GHSHQG RQ WKH QRWFK
RULHQWDWLRQ DQG OLQHDUO\ LQFUHDVLQJZLWK WKH HPLWWLQJ SRZHU $OWKRXJK WKH LPSDFW VWUHQJWK RFFXUUHG WR EH ±
WLPHVORZHUWKDQYDOXHVRIWKHVDPHVWHHOSURGXFHGE\WKHWUDGLWLRQDOWHFKQRORJLHVDSSUR[LPDWHO\-FP)RU
WKHYHUWLFDOO\EXLOWVSHFLPHQVWKHLPSDFWVWUHQJWKYDOXHVDUHWLPHVORZHUWKDQIRUWKHKRUL]RQWDORQHV
6SHFLPHQVKDUGQHVVYDOXHVDOVRLQFUHDVHOLQHDUO\ZLWKWKHHPLWWLQJSRZHU,WGRHVQRWSUDFWLFDOO\GHSHQGRQWKH
EXLOGLQJGLUHFWLRQDQGLWVYDOXHVDUHFRPSDUDEOHZLWKWKHVWDQGDUGKDUGQHVVIRUWKLVW\SHRIVWHHO+%

 
)LJ,PSDFWVWUHQJWKYDOXHVDQGKDUGQHVVPHDVXUHGRQWKHLPSDFWVWUHQJWKVSHFLPHQVYHUJHVRQWKHQRWFKVLGHGHSHQGLQJRQWKHODVHUSRZHU
ƑQRWFKSURGXFHGLQWKHEXLOGLQJSODQHŶQRWFKSURGXFHGQRUPDOO\WRWKHEXLOGLQJSODQHƇPHFKDQLFDOO\PDGHQRWFKRQWKHYHUWLFDO
VSHFLPHQ
7DEOH6WUHQJWKSURSHUWLHVDYHUDJHYDOXHVE\WKUHHVSHFLPHQVRIWKH/VSHFLPHQVSURGXFHGZLWKWKHGLIIHUHQWODVHU SRZHU
ʋ 3RZHU: ı<03D 87603D į Ȍ
+RUL]RQWDOO\EXLOW
     
9HUWLFDOO\EXLOW
     
     
     

7KHUHVXOWVRIVWUHQJWKSURSHUWLHVPHDVXUHPHQWGXULQJWKHXQLD[LDOWHQVLRQWHVWDUHSURYLGHGLQ7DEOH7KHWHVW
UHVXOWV VKRZHG WKDW LQ FRPSDULVRQZLWK WKH VWHHO RI WKH VDPH FKHPLFDO FRPSRVLWLRQ SURGXFHGE\ WKH WUDGLWLRQDO
WHFKQRORJLHVLQFUHDVLQJWKHODVHUSRZHUVUHVXOWLQJLQ³DYHUDJH´HYDOXDWLRQRIPHFKDQLFDOSURSHUWLHVFRPSOH[LQ
WLPHV )RU H[DPSOH IRU WKH KRUL]RQWDOO\ EXLOW VSHFLPHQV WKH YDOXHV RI 876§03D DQG \LHOG VWUHQJWK
ı<§03DRYHUFRPHWKHVWDQGDUGRQHV7KHUHODWLRQEHWZHHQı<DQG876HTXDOVWRZKLFKFRUUHVSRQGVIRU
WKH VDWLVIDFWRU\ SODVWLFLW\ VWRFN IRU WKH SURGXFHG PDWHULDO +RZHYHU WKH UHVXOWV REWDLQHG IRU WKH YHUWLFDOO\ EXLOW
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VSHFLPHQVVKRZHGWKHGHFUHDVHRIVWUHQJWKSURSHUWLHVZLWKWKHODVHUSRZHUORZHULQJDQGDOVRWKHSODVWLFLW\VWRFNLV
WLPHVORZHU
3.3. Specimens structure. 
6WUXFWXUH LQYHVWLJDWLRQ ZDV SHUIRUPHG RQ WKH PLFURVHFWLRQV WDNHQ IURP WKH FURVVFXW RI WKH VSHFLPHQV DIWHU
WHVWLQJ)LJVKRZVOD\HUH[SUHVVHGDXVWHQLWLFVWUXFWXUHWKLFNQHVVDQGZLGWKRIZKLFKDUHDERXWPFPWKDWLV
WLPHVPRUHWKDQWKHWKLFNQHVVRIWKHSRZGHUOD\HUDQGLQLWLDOSDUWLFOHVVL]H$OVR³ELJ´JUDLQ¶VFUHHSLQJLVVHHQ
RYHUWKHOD\HUERXQGDU\ZKHUHQRQPHWDOOLFVLOLFRQDQGLWVR[LGHVLQFOXVLRQVDUHSUHVHQWHG2QHFDQVD\WKDWWKH
KHUHGLW\RIWKHRULHQWDWLRQVFRPHVIURPOD\HUWROD\HUGXULQJWKHFU\VWDOOL]DWLRQRQWKHERXQGDU\
3KDVHDQDO\VLVSHUIRUPHGE\ WKH(%6'PHWKRGVKRZV WKDWVWHHO VDYHV LWVRQHSKDVHDXVWHQLWLFVWUXFWXUHDVQR
IHUULWLFDOSKDSKDVHFRQWHQWZDVGHWHFWHG
7KHVXUIDFHDIWHUVSHFLPHQVGHVWUXFWLRQKDVDGXFWLOHIUDFWXUH)LJ0RUHRYHURQWKHVXUIDFHRIWKHYHUWLFDOO\
EXLOW VSHFLPHQV QRQ PHOWHG EULWWOH DUHDV DUH UHYHDOHG &RPSDULVRQ RI WKH IUDFWXUH VXUIDFH IRU ERWK W\SHV RI
VSHFLPHQVFOHDUO\VKRZVWKHGLIIHUHQFHLQWKHLUVWUXFWXUH+RUL]RQWDOVSHFLPHQVVWUXFWXUHUHYHDOHGDVPRUHXQLIRUP
ZKLOHWKHYHUWLFDORQHVKDYHSRUHVDQGEULWWOHLQFOXVLRQVVHSDUDWHOD\HUVRIGHVWUXFWLRQDUHQRWLFHDEOH

 
)LJ6SHFLPHQVVWUXFWXUHVGHWHUPLQHGE\WKHPHWDOORJUDSK\DQG(%6'PHWKRG




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



)LJ,PDJHVRIWKHIUDFWXUHVXUIDFHVRIWKHLPSDFWVWUHQJWKVSHFLPHQVSURGXFHGLQGLIIHUHQW%'ZLWKDQG:OHIW±KRUL]RQWDO
ULJKW±YHUWLFDO
7KHVSHFLPHQVVXUIDFHLQYHVWLJDWLRQDIWHUXQLD[LDOWHQVLRQVKRZVWKDWWKHTXDOLW\DQGTXDQWLW\FKDUDFWHULVWLFVRI
IUDFWXUH GLUHFWO\ GHSHQG RQ WKH ODVHU SRZHU )LJ  UHSUHVHQWV WKH IUDFWXUH LPDJHV ZLWK WKH LQVHUWLRQV RI KLJKHU
PDJQLWXGHZKHUHWKHVSHFLPHQHGJHDQGFRQWRXUFDQEHVHHQ%HWZHHQWKHOD\HUERXQGDU\DQGDFRQWRXUWKHUHLVD
FHUWDLQDPRXQWRISRUHVZKLFKFDQLQLWLDWHWKHGHVWUXFWLRQ:LWKWKHODVHUSRZHURI:WKHIUDFWXUHSUHVHQWHGDV
DTXDVLEULWWOHEHFDXVHWKHPDLQSDUWRIWKHVXUIDFHKDVDGXFWLOHIUDFWXUHEXWPRUHRYHUWKHUHDUHDUHDVZLWKDEULWWOH
W\SH$OVRVRPHQRQPHOWHGLQFOXVLRQVSDUWLFOHVRI WKHPDLQSRZGHUWRRNSODFHDVZHOODVQRQPHWDOSDUWV WKDW
FRXOGEHH[SODLQHGE\ WKH LQVXIILFLHQWKHDW LQFRPH6RZLWK WKH ODVHUSRZHURIDQG: WKH IUDFWXUHDQG
VWUXFWXUHSURYLGHDGXFWLOHDSSHDUDQFH7KHSRURVLW\LVQRWLFHDEO\UHGXFHG

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
)LJ,PDJHVRIWKHIUDFWXUHVXUIDFHRIWKHYHUWLFDOO\EXLOWVSHFLPHQVDIWHUXQLD[LDOWHQVLRQWHVWOHIWWRULJKW±:
6XPPDUL]LQJWKHZKROHLQYHVWLJDWLRQLWVKRXOGEHPHQWLRQHGWKDWDOOWKHPHFKDQLFDOSURSHUWLHVDUHLQWKHVWURQJ
GHSHQGHQFH IURPWKHVSHFLPHQVEXLOGLQJZLWK UHVSHFW WR WKHEXLOGLQJGLUHFWLRQ$FFRUGLQJO\ WKHDQLVRWURS\VWD\V
FRQVWDQW LQ WZR GLUHFWLRQV ;< SODQH LI WKH EXLOGLQJ GLUHFWLRQ LV =D[LV ZKLOH WKH SURSHUWLHV LQ %' YHUWLFDO
VSHFLPHQVVKDUSO\GHFUHDVH,WFRQFHUQVWKHLPSDFWVWUHQJWKDVZHOODVVWUHQJWKSURSHUWLHV
$OVRWKHGLVWLQFWLYHIHDWXUHRIKRUL]RQWDOO\VWDWHGZLWKUHVSHFWWRWKH%'VSHFLPHQVLVWKHQHFHVVLW\LQELJJHUORDG
ZKLFKUHTXLUHVIRUWKHVSHFLPHQGHVWUXFWLRQ6SHFLILFDOO\LQWKLVFDVHWKHRFFXUUHGFUDFNKDVWRSURSDJDWHWKURXJK
HYHU\OD\HURIWKHVSHFLPHQZKLOHLQFDVHRIYHUWLFDOVSHFLPHQWKHFUDFNZLOOSURSDJDWHEHWZHHQOD\HUVRULQWKH
SODQHRIVHYHUDOOD\HUVDVVFKHPDWLFDOO\VKRZQRQWKH)LJ


)LJ6FKHPHRIWKHFUDFNSURSDJDWLRQLQKRUL]RQWDOWRSDQGYHUWLFDOERWWRPVSHFLPHQV
&RQFOXVLRQV
7KHFDUULHGRXWLQYHVWLJDWLRQRIWKH/SRZGHUVKRZWKHSRVVLELOLW\RILWVXWLOL]DWLRQDVDEXLOGPDWHULDODVZHOO
DVRWKHUPDWHULDOVSURYLGHGE\WKH6/0HTXLSPHQWPDQXIDFWXUHUFRPSDQ\
7KH FRPSOH[ DQDO\VLV RI WKH PHFKDQLFDO SURSHUWLHV LPSDFW VWUHQJWK \LHOG VWUHQJWK DQG 876 DQG KDUGQHVV
DOORZHG WR GHWHUPLQH WKH GLUHFWLRQ LQZKLFK WKH SURSHUWLHV YDU\LQJ VKDUSO\ 6R IRU WKH YHUWLFDOO\ EXLOW VSHFLPHQV
SDUDOOHO WR WKH %' WKH YDOXHV RI LPSDFW VWUHQJWK UHGXFHG LQ  WLPHV GHSHQGLQJ RQ ODVHU SRZHU 7KH VWUHQJWK
SURSHUWLHVGLIIHUDOPRVW7KHKDUGQHVVYDOXHVSUDFWLFDOO\VWD\FRQVWDQWIRUHYHU\VSHFLPHQ
6WHHO VWUXFWXUHDQDO\VLVDIWHUPHOWLQJKDV VKRZQ WKDW WKHPDWHULDO VDYHV LWVDXVWHQLWLF VWUXFWXUHZLWK WKH(%6'
PHWKRG QR IHUULWLF FRQWHQW ZDV GHWHFWHG 7KH WKLFNQHVV RI GURSOLNH DUHDV LV FRPSDUDEOH ZLWK WKH VL]H RI LQLWLDO
SRZGHU
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6SHFLPHQVIUDFWXUHVXUIDFHDQDO\VLVKDVVKRZQWKDWZLWKWKH:ODVHUSRZHUWKHIUDFWXUHUHYHDOHGDVTXDVL
EULWWOHDQGZLWKLQFUHDVLQJWKHSRZHUWKHTXDQWLW\RIEULWWOHFRQWHQWDQGQRQPHWDOOLFLQFOXVLRQVLVUHGXFHG:LWKWKH
:SRZHUWKHIUDFWXUHHVSHFLDOO\IRUKRUL]RQWDOVSHFLPHQVKDVDGXFWLOHW\SHDWPRVW
7KH FDUULHG RXW FRPSOH[ LQYHVWLJDWLRQ RI PHFKDQLFDO SURSHUWLHV LQ GHSHQGHQFH ZLWK ODVHU SRZHU DQG PXWXDO
GLVSRVLWLRQZLWKUHVSHFWWRWKH%'RFFXUUHGWREHTXLWHLPSRUWDQWLQFDVHRIGHWHUPLQDWLRQWKHSURSHUWLHVDQLVRWURS\
7KLVIDFWRQLWVWXUQZLOOGHWHUPLQHIXUWKHUXWLOL]DWLRQRIWKHVHWHFKQRORJLHVLQFDVHRIGHVLJQLQJDQGSURGXFLQJPRUH
FRPSOH[GHWDLOVDQGFRPSRQHQWVRIGLIIHUHQWPDFKLQHU\

$FNQRZOHGJPHQWV
7KLVZRUNZDVVXSSRUWHGE\WKHJUDQWRI5XVVLDQ6FLHQWLILF)XQGʋ

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